The amount of sludge generated from urban centers is increasing more and more, so wastewater treatment plants are being constructed. Recycling of sludge by application to agricultural land can alleviate the disposal pressure, and, at the same time, utilize the plant nutrients in the waste. Organic nitrogen in sludge is mineralized to inorganic forms such as nitrate and ammonium that can be taken up by plants. The inorganic forms of nitrogen, especially nitrates, can easily be leached because of its negative charge. Not only do nitrates cause eutrophication, but, at high concentration in drinking water, can also cause chemical suffocation disease in babies. This work is meant to quantify nitrate and ammonium nitrogen leached from soil treated with sludge. In order to obtain information on the composition of leachate from sludge, Kandiustults and a lysimeter study were used. Municipal and industrial sludge were applied to completely random design plots at different rates: 125, 250 and 375 kg N/ha. Each control lysimeter was treated with chemical fertilizer (N-P 2 O 5 -K 2 O : 20-10-10) at the rate of 125 kg N/ha. After the Chinese kale (Brassica oleracea L.) was planted in each lysimeter, leachate was collected every week and analyzed for NO 3 and NH 4 + . The experiment was conducted at Kasetsart University, Bangkhen Campus, Bangkok, Thailand.
Introduction
Although Thailand has not used sludge as a nitrogen source in agricultural land, nitrate leaching from soil into groundwater, as well as contamination of surface water during the rainy season is of major concern. The amount of nitrogen leaching losses from arable land in south Sweden is usually 15-45 kg/ha (Stenberg et al., 1999) . Lorenz and Steffens (1997) found that nitrogen leaching varied between 8 and 29 kg/ha with winter rye and between 0 and 12 kg/ha when applied with different rates of slurry nitrogen. In Thailand, the overall rate of sludge production has increased substantially in recent times. Wastewater treatment plants were constructed as a result of a growing population. According to a recent survey by the Ministry of the Interior, the population of Thailand in 1999 was 61 million people. The consumption of water by this population produces a large amount of wastewater, especially in Bangkok. Wastewater, produced from approximately seven million people living in the capital city, is a big problem. The Bangkok Metropolitan Authority has decided to construct six water treatment plants with an overall capacity of 1,302,000 m 3 /day. The quantity of dried sludge produced will be approximately 100 metric tons/day. Sewage sludge contains several nutrients especially nitrogen (N); approximately 2300 tons of N is produced each year.
There are advantages, and limitations to the utilization of sewage sludge. Nitrate nitrogen, which is mineralized from organic nitrogen in sludge, may leach into groundwater. Furthermore, potentially toxic elements in the sludge can contaminate land and leach leading to a risk of groundwater contamination. Many factors such as growing season, climate, rainfall, pH and soil type have an effect on nitrogen leaching (Ineson et al., 1998; Hagedorn et al., 1997; Bugbee, 1996) . Since the research involved in nitrogen leaching from soil is lacking in the tropical climate region, more information is needed before large-scale sludge application is initiated. The objectives of this study were to determine the concentration of nitrogen in leachate from soil treated with sludge and to assess the environmental and health hazards of such treatments.
Methods

Soil and sludge samples
The soil used in this study was classified as the Korat series (Kandiustults) which is the unfertile sandy soil and the most prevalent soil in the northeastern part of Thailand. Two sludge samples were collected from Huay Kwang and Bangpa In wastewater treatment plants, which are located in Bangkok Municipality and the industrial estate area. The important properties of the soil and sludges are shown in Tables 1 and 2, respectively.
Lysimeter experiment
Lysimeters (50 cm in diameter and 50 cm in height) were constructed from polyethylene (Klein et al., 1973; Christensen and Jens, 1984) . At the base of each lysimeter, an effluent pipe was installed to collect leachate. Each lysimeter was packed with small-grained gravel at the bottom, and was overlaid with a 20 cm height of subsoil and followed by a 20 cm height of topsoil. The sludge was thoroughly mixed with the topsoil at the ratio of 1:1 (on a weight basis). They were then placed on the topsoil in the lysimeter. All the materials were allowed to settle for one month before being planted with Chinese kale.
The municipal and the industrial sludges were applied seperately to the lysimeter at the rate of 125, 250 and 375 kg N/ha. The chemical fertilizer (N-P 2 O 5 -K 2 O: 20-10-10) at a rate of 125 kg N/ha was used as a control. The seven treatments with three replications were arranged in a completely random design.
After each lysimeter was planted with Chinese kale (Brassica oleracea L.), the leachate was collected every week and analysed for NO 3 and NH 4 + . The experiment was conducted at Kasetsart University, Bangkok, Thailand.
Results and discussion
Production and nitrogen in Chinese kale Inorganic nitrogen in each treatment was assimilated into plant tissue. Different treatments, which contained different amounts of nitrogen, and nitrogen forms, resulted in the reported Table 3 illustrates Chinese kale production and the total amount of nitrogen in plant tissues.
As can be seen in the fourth column, the production gradually increased but not at the same rate as for applied nitrogen. Chemical fertilizer gave more production than sludge from Huay Kwang and sludge from Bangpa In, which were applied at the same rate of nitrogen. Lower production might be caused by the form of nitrogen in the sludge since it has to be mineralized before being taken up by the plant tissue. Production in the last row did not increase although nitrogen was applied at the highest rate. This may be due to the high concentration of heavy metals and other potentially toxic elements in sludge.
Nitrogen content in the plant tissue in both shoots and roots was approximately the same. It was in the range of 2.4-3.1% for shoots and 2.4-2.9% for roots. As a result of this, the quantity of nitrogen increases at the same rates as plant production.
Nitrogen in leachate
After mineralization, organic nitrogen in sludge is chemically transformed to inorganic NO 3 -N and NH 4 -N, which can be taken up by the plants. Nitrate with its negative charge can easily move through the root zone and leach into deep soil or groundwater. Ammonium, in contrast, has a positive charge and can be absorbed by any negative charges in the soil. This explains why the average nitrogen leach in the form of NO 3 was 25 times greater than NH 4 + . This finding is in agreement with a past study which has shown that nitrogen in leachate was mostly in the form of nitrate (Cabrera,1997) .
The treatment with higher nitrogen application showed a higher nitrate concentration in the leachate (Figure 1) .
Leached nitrogen in the form of nitrate was 1.50-3.00% of total applied nitrogen. The amount of leached nitrate found in this study ranged between 3.47 and 6.64 kg/ha. Crops and cultivation management has an influence on nitrogen leaching (Solberg, 1995) . Ammonium was 0.03-0.14% of the total applied nitrogen and the total leached amount was 0.08-0.22 kg/ha. Comparison with water quality standards
The concentration of nitrate nitrogen in the leachate increased proportionally with the amount of nitrogen applied. The concentration of ammonium in the leachate was not proportional due to its positive charge. Nitrate concentration was in the range of 20.96-45.01 mg/l and ammonium concentration was in the range of 0.51-1.72 mg/l. The nitrate concentration in all samples exceeded the surface water standard set by The National Environment Board (1994) and also exceeded the guidelines (0-10 mg NO 3 -N/l) for irrigation water (Ayers and Westcot, 1985) , although in field conditions nitrate concentrations will be decreased by dilution with natural surface water. High concentration of nitrate nitrogen in surface water may cause suffocation disease (Panichsakpatana, 1997) or eutrophication if other factors (such as phosphorus and potassium) are also at high concentration. About 50% of the fish Catla catla was killed when ammonia concentration reached 29.4 mg NH 3 -N/l (Ghosh and Bhat, 1998) . Therefore, the water composition should be considered before being supplied to animals or put to other usages.
Nitrogen balance
In this paper, the nitrogen balance is calculated and describes the relationship between the input and output of nitrogen in the studied system (Bechmann et al., 1998) . The nitrogen balance is described by the following equation: 
Nitrogen inputs to the experimental system are either in the inorganic form of chemical fertilizers or the organic form as found in sludge. The output of nitrogen occurs in the plant tissue, leachate and nitrogen loss. By carefully measuring the amount of nitrogen applied, the amount in the leachate, and the amount in the plant tissues, the mass balance will yield the amount loss. It is defined by:
The nitrogen distribution after application to the soil is shown in Table 4 and Figure 2 . As can be seen in the table, the input of nitrogen included nitrogen applied to each lysimeter as synthetic fertilizer or sludge at different rates based on the particular treatment. Output included nitrogen in the plant tissue, leachate and loss. The last column (Table 4 ) for the total nitrogen lost when compared to the total nitrogen input, nitrogen from chemical fertilizer, Huay Kwang sludge and Bangpa In sludge was 48.88, 77.24 and 77.91%, respectively. Although there was no runoff and erosion in the study, the mass of unharvested or lost Figure 2 Nitrogen distribution after application into soil. HK = Huay Kwang, BPI = Bangpa In nitrogen were quite large. The balance of nitrogen can help identify opportunities for reducing nitrogen losses from the farming system.
Conclusions
The experiments were conducted in order to study and assess the amount of nitrogen leached from soil treated with sludge. The conclusions are as follows. 1. Nitrogen applied in the form of chemical fertilizer was taken up by Chinese kale and produced an increase in plant yield above that produced by the application of nitrogen in the form of sludge when applied at the same rate. 2. The nitrate form was found to be approximately 25 times higher than the ammonium form in the leachate. 3. Leached nitrogen in the form of nitrate and ammonium was 1.50-3.00% and 0.03-0.14% of total applied nitrogen. 4. The amount of leached nitrate and ammonium found in this study ranged between 3.47-6.64 kg/ha and 0.08-0.22 kg/ha, respectively. 5. Nitrate concentration in leachate was in the range of 20.96-45.01 mg/l, ammonium was in the range of 0.51-1.72 mg/l. They exceeded the standard of surface water set by The National Environment Board (1994), if there is no dilution with natural surface water. 6. Total lost nitrogen from chemical fertilizer, Huay Kwang sludge and Bangpa In sludge was 48.88%, 77.24% and 77.19%, respectively. 7. There was no difference between the quantity of nitrogen measured in the leachate when applied in the inorganic form of chemical fertilizer and of the organic sludge at the same rates of application. 8. Good nitrogen management is needed to prevent unacceptable losses of nitrogen.
